Background: After two decades of transcranial direct current stimulation (tDCS) research, it is 42 still unclear which applications benefit most from which tDCS protocols. One prospect is the 43 acceleration of learning, where previous work has demonstrated that anodal tDCS applied to the 44 right ventrolateral prefrontal cortex (rVLPFC) is capable of doubling the rate of learning in a 45 visual camouflaged target detection and classification task. 46 47 Goals: Questions remain as to the specific cognitive mechanisms underlying this learning studies, these results suggest a generalized performance enhancement. Other tasks requiring 64 sustained attention, insight or categorization learning may also benefit from this protocol.
Since the recent re-emergence of transcranial direct current stimulation (tDCS) [1] , it has been 86 applied in an effort to improve a range of cognitive functions. Across these applications, tDCS 87 has been shown to be safe, with a minimal number of adverse effects reported over thousands of 88 participants [2, 3] . Concomitantly, the technology needed to implement a tDCS protocol is 89 relatively inexpensive and easy to operate compared to other forms of non-invasive brain 90 stimulation. Safety and ease of use have made tDCS a highly versatile and popular tool, but this 91 has led in turn to variable results across studies [4-9], as different experimental protocols interact 92 with individual characteristics in ways that are not fully understood [10] [11] [12] [13] . Further work is 93 needed to clearly define the protocols and applications that maximize the potential of tDCS [14] . 94 95 Numerous meta-analyses have attempted to quantify the effect of tDCS when applied to specific 96 domains. Due to the many experimental and subject moderators that exist across the tDCS 97 literature [15] , the findings of these analyses vary, but small to medium effect sizes have been 98 demonstrated for anodal tDCS on tasks requiring sustained attention [16] , and learning [17, 18] . 99
These two processes were likely critical to the performance improvement observed in a study 100 that adapted stimuli from the DARWARS virtual reality-based program designed to train soldiers 101 prior to deployment to the Middle East [19], where participants receiving 30 minutes of 2.0 mA 102 anodal stimulation over the right ventrolateral prefrontal cortex (rVLPFC) displayed an 87% 103 percent increase in accuracy at identifying and classifying images of concealed threat targets 104 compared to participants receiving sham (0.1 mA) stimulation, and over 100% increase after a 105 one hour delay [20] . This intervention attained an effect size of d=1.2, larger than typically 106 observed in tDCS interventions on cognitive outcomes, [21] and nearly twice that found in a 107 recent meta-analysis (d=0.76) examining tDCS application during math and language learning 108 [18] . Importantly, two subsequent replication studies found results of a similar magnitude 109 following stimulation with the F10 protocol during this task [22] [23] [24] . 110 111 Understanding the processes underpinning this improvement might provide clues for other 112 laboratory or real-world tasks that would benefit from this tDCS protocol. However, the 113 naturalistic stimuli utilized in the original task [20] make parsing the relative size of tDCS effects 114 on different cognitive mechanisms difficult. Participants were trained to classify images 115 containing threats by learning to identify threat cues within the images. Failure to correctly 116 categorize a threat image led to explicit short movies showing the outcome of the unidentified 117 threat (an explosion in a vehicle or building, someone being shot, etc.). Accordingly, correct 118 categorizations led to videos with positive outcomes. Prior to the task, subjects were not given 119
any specifics about what constituted a threat; rather, in a discovery learning paradigm, they were 120 tasked with engaging in trial and error learning over the course of training. 121
122
One explanation for the performance benefits seen in [20] is an increase in attentional capacity. The aim of the current work was to further elucidate the possible mechanisms through which 151 performance enhancement in the F10 protocol occurs, specifically through the creation of a novel 152 categorization task utilizing a similar discovery learning paradigm but devoid of threatening 153
stimuli. An additional difference was the inclusion of cathodal stimulation group, the goal of 154 which was to expand on a theoretical account of the neural networks affected by F10 tDCS. 155
Twenty-first century tDCS research has largely been driven by a stimulation-dependent model of 156 tDCS effects, a de-facto theory that arose from the seminal tDCS motor cortex studies which 157 reintroduced the possibility of noninvasively altering brain function with small direct currents 158 [1, 47, 48] . However, results have outgrown the absolute dichotomy of anodal as excitatory, 159 cathodal as inhibitory [21,49-52], and new theories are needed that provide more nuanced 160 predictions for the interaction between endogenous neural activity and the subthreshold 161 neuromodulation of tDCS. Consistent with a view of cathodal stimulation as a filter of 162 extraneous neural noise [53] [54] [55] [56] , it was hypothesized that the slope of observed improvement in 163 the cathodal stimulation group would be smaller than that of the anodal group, with any 164 improvement occurring later in the training following initial increases in performance specific 165 neural activity. 2). Prior to beginning the study, participants were only told that there were two regions but were 200 not informed about the possible ways to differentiate them. Instead, through discovery learning 201
[45], they gained knowledge of the pertinent criteria via accuracy feedback during the training 202 portion. In each block, Rule 1 was present in all trials, while Rule 2 was present in half of trials. 203
The two rules were always consistent with each other. To ensure uniform difficulty across the 204 task, the saliency of specific criteria (road direction rule, hidden object rule, apparent 205 temperature, signs with written language) in individual pictures was rated by two researchers, 206 and pictures were then evenly distributed across the different blocks according to these ratings. regression was then performed for each of these difference scores, with stimulation condition as 251 the independent variable. One-way ANOVAs were also conducted to identify any between-group 252 differences in accuracy and reaction time in each of the 2 test blocks. 253
254

Results 255
Participants 256
Six participants were excluded from the final analysis. Two were excluded due to technical 257 issues with the computer program during data collection. An additional three participants, one in 258 each experimental group, were excluded for insufficient task engagement. Insufficient task 259 engagement was defined by two criteria: average response time during the training blocks was 260 less than 1 second, and pattern of response was consistent 1's or 2's or alternating 1, 2, 1, 2…. 261
No participants reported sensation ratings of 7 or above, however one subject receiving cathodal 262 stimulation reported a metallic taste and chose to leave the study during the first minutes of 263 stimulation. The final analysis included 54 participants, 18 in each group (Table 1) 
. A one-way 264
ANOVA found no significant differences between groups in sex or age. One-way ANOVAs confirmed that there were no significant differences between groups on 283 number of no-response trials in any of the blocks (all p>0.12). The mixed-model examining 284 accuracy indicated a significant fixed-effect of experimental block (F(6, 36.77)=10.12 p<0.001) 285 and condition, (F(2, 47.65)=7.99, p=0.001), but not the interaction between condition and block 286 (F(12, 36.77)=1.46, p=0.184) (Figure 2 Described another way, anodal tDCS at F10 (over rVLPFC) led to a 491% increase in 317 performance relative to sham, and cathodal tDCS led to a 343% increase relative to sham. Both 318 the magnitude of performance improvement and corresponding effect size described here were 319 larger than in the previous DARWARS threat-learning paradigm [20] , indicating that the benefits 320 derived from the F10 tDCS protocol are not specific to learning to identify and classify threats, 321 but may rather be due to more generalizable tDCS-mediated improvements in classification 322 learning, sustained attention and/or insight. 323
324
Explicating the similarities between this and previous studies that have demonstrated promising 325 behavioral effects from F10 tDCS is crucial for understanding its cognitive effects, and for 326 defining other applications that might benefit from this protocol. Beyond neuronal changes in 327 neurotransmission and metabolism previously noted [60] , both tasks capitalized on two factors 328 that have been shown to moderate the effects of tDCS: experimental differences in the timing of 329 stimulation during exposure to a task, and individual differences in neural activity related to task 330 performance. Both of these moderators can be accounted for within the same theoretical 331 framework, one which views the current flowing from the anode as increasing neuronal noise, 332 and the current returning to the cathode as reducing neuronal noise. Depending upon the strength 333 of endogenous signal, the addition or filtering of neuronal noise can be facilitative or detrimental 334 to performance [56, 61] . In timing effects, the addition of neuromodulatory noise near first 335 exposure to a task allows anodal stimulation to have the greatest potential impact, as it interacts 336 with yet unorganized task related neural activity. In this way online anodal tDCS is able to 337 maximizes tDCS-mediated plasticity changes [18,60,62,63] within task-specific networks [64-338 68] . This has been demonstrated elsewhere [69, 70] , and in our original target detection task, 339
where anodal stimulation applied during the first hour of training led to significantly better 340 classification accuracy than anodal stimulation applied during the second hour of training [71] . 341
342
Similarly, an individual's level of proficiency or familiarity on the task performed during tDCS 343 has also been shown to moderate the effectiveness of tDCS, with initially lower performers or 344 novices often benefiting more from anodal stimulation than initially higher performers or experts 345 The results from this study also support the hypothesis that the F10 tDCS montage promotes 361 sustained attention. This is consistent with fMRI studies, which have found the rVLPFC to be 362 involved in the maintenance of attention and cognitive control [85] [86] [87] [88] [89] . Average performance in 363 the sham group peaked during the 3 rd training block, while performance significantly increased 364 in the anodal group during stimulation, and in the cathodal group following stimulation. This 365 suggests that verum subjects were better able to maintain engagement with this task, both during 366 and after stimulation. Similarly, increases in fatigue and decreases in vigor were seen across 367 groups following the task, but for those in the anodal and cathodal groups this decrease in self-368 reported energy was not detrimental to task performance in the test blocks. 369
370
The lack of improvement in the sham group is notable, with 9 of the 18 sham subjects displaying 371 average categorization accuracy in the test blocks <50% (compared to 2 in anodal and 0 in 372 cathodal). In a debriefing questionnaire following the study, sham subjects reported using people 373 and written signs within the pictures as categorization criteria significantly more than those 374 receiving verum stimulation. It is possible that the failure of these and similar candidate objects 375 within the pictures themselves represented an exhaustion of the set size subjects brought to the 376 pictures [90,91], where set size can be thought of as a framework for thinking about a problem. 377
Contrastingly, subjects receiving verum stimulation were able to go beyond this original set size, 378 either driven by augmented sustained attention allowing them to continue looking following the 379 exhaustion of an initial set, or by enhanced insight allowing them to more quickly see beyond the 380 confines of the initial set. 381 382 Several limitations within the design of the current study should be considered. Beyond the use 383 of new stimuli and categorization criteria, there were three other differences between the task 384 used in the current study and our original target detection task [20] . First, stimulus presentation 385 time was increased from 2.0 to 2.5 seconds. Second, half as many baseline trials were presented 386 in the current study, as no participants were significantly above chance at baseline when piloting 387 the stimuli, likely related to the arbitrary cues used here. Finally, the visual feedback was 388 different. In [20], a computer animated video showed the consequences of a subject's 389 classification choice, while in the current study, the visual feedback was a non-specific "Correct" 390 or "Incorrect." Given the larger effect found here compared to these prior studies, it is unlikely 391 that any of these differences weakened the magnitude of tDCS effects. While verum vs. sham 392 stimulation was double-blinded, an additional limitation here was a lack of double-blinding 393 between the cathodal and anodal conditions. Finally, while stimulation of the rVLPFC might 394 have directly impacted cortical networks involved in attention and insight, the extracephalic 395 electrode placement might have led to far field effects in other brain areas. Indeed, unpublished 396 finite element modeling done on this protocol demonstrated that large field effects occur in the 397 basal ganglia, amygdala, brain stem, and especially in the cerebellum [92] . While no significant 398 improvement in target detection was found following cerebellar anodal stimulation with the 399 return on the left arm, it is still possible that remote effects contribute to performance 400 improvements resulting from F10 stimulation. 401 402
Conclusion 403
Our prior work examining the impact of rVLPFC tDCS on threat-target detection [20] , coupled 404 with recent fMRI studies implicating the rVLPFC in processing violence-related semantic 405 stimuli, suggested that tDCS of the rVLPFC may have been effective due to the threat-related 406 content. This was not supported by findings in the current study, wherein learning to categorize 407 stimuli without violent imagery benefited to a relatively larger degree from this tDCS protocol. 408
This in turn suggests that the F10 tDCS protocol provides a general benefit to classification 409 learning, and is not specific to threat detection. 410
411
The behavioral differences between tDCS groups observed here, with participants receiving 412 sham tDCS tending to "give up" sooner than those receiving either anodal or cathodal tDCS, 413 implies that this protocol may be associated with greater perseverance, an attribute that is 414 associated with greater learning and performance [93] . Future work should specifically test the 415 effects of this protocol on perseverance during tedious tasks, and perceptual and declarative 416 learning within a discovery learning paradigm. If this protocol provides resilience during tedious 417 and difficult tasks, or helps hypothesis generation and insight in the face of an undefined 418 problem space, it may ultimately prove beneficial for a variety of real-world tasks. 419 
